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Hepatocyte Growth Factor Establishes Autocrine and
Paracrine Feedback Loops for the Protection of Skin
Cells after UV Irradiation
Michael Mildner1,4, Veronika Mlitz1,4, Florian Gruber1, Johann Wojta2 and Erwin Tschachler1,3
Hepatocyte growth factor (HGF) is a multifunctional cytokine, which, among various other activities, acts as a
growth factor for melanocytes and has recently been implicated in the pathogenesis of malignant melanoma. In
the skin, the main source for HGF is dermal fibroblasts (FB). Here, we have investigated the regulation of HGF
production and secretion by cytokines derived from UV-irradiated keratinocytes (KC) and by direct UV
irradiation. We demonstrate that supernatants of ultraviolet (UV)B-irradiated KC strongly induce HGF
production in FB, and that this effect was mediated primarily by IL-1a. Direct irradiation of FB with UVB had
no effect on HGF expression. In contrast, irradiation with UVA1 strongly upregulated HGF mRNA production
and secretion of the functional protein. Addition of neutralizing anti-HGF antibodies after UVA1 irradiation, as
well as transfection of FB with HGF small-interfering RNA (siRNA); which completely abrogated HGF secretion
led to a dramatic rise of FB apoptosis demonstrating that autocrine HGF efficiently protected FB from UVA1-
induced apoptosis. Our data suggest that upregulation of HGF plays a role in skin homeostasis after UV
irradiation. However, a negative side effect of UV-induced HGF secretion by dermal FB might represent a
decisive factor for induction and/or progression of melanoma.
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INTRODUCTION
Hepatocyte growth factor (HGF), a multifunctional cytokine
predominantly expressed in mesenchymal cells, has various
effects on cells of different origin. It was first identified as a
potent mitogen for hepatocytes (Nakamura et al., 1989;
Montesano et al., 1991), and more recently, it was shown to
promote cell motility and proliferation of normal human
epidermal keratinocytes (KC), melanocytes, and kidney
epithelial cells (Rubin et al., 1993). Furthermore, HGF is
able to induce scattering of cells (Stoker and Perryman, 1985)
and their invasion into extracellular matrix (Giordano et al.,
1993; Rong et al., 1994), thereby promoting tumor metastasis
(Jeffers et al., 1996; Weidner et al., 1996). HGF has also been
shown to have an antiapoptotic effect on different cell types.
For instance, HGF acts as a survival factor after serum
withdrawal for the renal epithelial cell line HKC (Liu et al.,
1998; Yo et al., 1998) and inhibits UVB-induced apoptosis
in primary KC (Mildner et al., 2002). Overexpression of HGF in
the skin leads to the development of pigmented skin lesions and
ultimately melanoma in transgenic mice (Noonan et al., 2000).
The action of HGF is mediated by its specific receptor,
c-Met, a transmembrane protein encoded by the proto-
oncogene, c-met, which has an intrinsic kinase domain (Bottaro
et al., 1991). After stimulation of HGF, c-Met becomes phos-
phorylated and initiates different intracellular signals that
lead to activation of several signaling cascades such as phos-
phoinositide-3-kinase, mitogen-activated protein kinase, and
signal transducers and activators of transcription-3 (Ponzetto
et al., 1994; Royal and Park, 1995; Boccaccio et al., 1998).
For the skin, UV irradiation is the most important DNA-
damaging insult, and represents the major risk factor for the
development of epithelial skin tumors (Kraemer, 1997).
Whereas mild UV-induced damage induces DNA repair,
severe UV exposure leads to irreparable DNA damage
resulting in KC apoptosis (Royal and Park, 1995; Schwarz
et al., 1995; Brash, 1996). It has been suggested that this UV-
induced apoptosis contributes to the homeostasis of the
epidermis and helps to prevent skin cancer by preferentially
eliminating DNA-damaged KC (Brash, 1996). However, a
substantial loss of KC would result in a life-threatening
damage of the skin barrier function. When we recently
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investigated the regulation of UV-induced KC apoptosis, we
found that HGF inhibits UV-induced apoptosis of KC.
Surviving KC, however, were irreversibly arrested in the G2/M
phase of the cell cycle (Mildner et al., 2002). They were
therefore removed from the pool of replicating cells, thereby
reducing the risk of transformation, but would still be able to
contribute to the integrity of the skin barrier.
In the skin, the major source for HGF is dermal normal
human fibroblasts (FB) (Stoker and Perryman, 1985). HGF
production is induced in these cells after stimulation with
phorbol ester (Gohda et al., 1992), IL-1a (Matsumoto et al.,
1992), and tumor necrosis factor-a (TNFa) (Tamura et al.,
1993). Since both IL-1a and TNFa are induced after exposure
of KC to UVB (Kupper et al., 1987; Kock et al., 1990), this
could result in the triggering of HGF production by FB and
the establishment of a paracrine loop between epidermal and
dermal symbionts, allowing the survival of these cells after
UV injury. Therefore in the present study, we investigated (1)
whether soluble factors secreted by UVB-irradiated KC are
able to stimulate HGF production by dermal FB, (2) whether
UV irradiation leads to a direct activation of the HGF
production in dermal FB, and (3) whether FB-derived HGF
affects KC and/or FB survival after UV irradiation.
RESULTS
IL-1a released by KC after UVB irradiation upregulates HGF
production by dermal FB
IL-1a and TNFa are known to be strong inducers of HGF
production by FB (Matsumoto et al., 1992; Tamura et al.,
1993). Since KCs secrete both IL-1a and TNFa after exposure
to UVB, we investigated whether supernatants from UVB-
irradiated KC were able to stimulate HGF production by
dermal FB. As shown in Figure S1a and b, the release of
both cytokines was strongly induced by UVB irradiation
(5–25 mJ/cm2). When the culture supernatants derived from
irradiated KC 24 hours after irradiation were transferred onto
non-irradiated FB, HGF production was strongly upregulated
(Figure 1a). Upregulation of HGF mRNA was completely
prevented when the KC supernatant was treated with
a neutralizing anti-IL1a antibody (Figure 1b), whereas a
neutralizing anti-TNFa antibody had no effect (data not shown).
FB-derived HGF inhibits UVB-induced KC apoptosis
To test whether FB-derived HGF, like recombinant HGF, is
able to prevent UVB-mediated apoptosis of KC, we trans-
ferred culture supernatants of FB 48 hours after stimulation
with supernatants derived from UVB-irradiated KC to cultures
of freshly UVB-irradiated KC. Both recombinant HGF and
conditioned cell-culture supernatants from FB treated with
KC supernatants irradiated either with 20 or 25 J/cm2 UVB
comparably inhibited UVB-induced apoptosis of KC, whereas
medium alone had no protective effect (Figure 2a). Treatment
of KC with HGF alone showed no morphological differences
compared to non-irradiated KC (Figure 2a). Cell-culture
medium of untreated FB or treated with supernatants of
non-irradiated KC showed no antiapoptotic activity (data not
shown). These data were confirmed by histone ELISA, which
also showed a strong inhibition of UVB-induced KC apoptosis
by conditioned FB cell-culture supernatants (Figure 2b),
whereas supernatants from unstimulated FB had no anti-
apoptotic activity (data not shown). The antiapoptotic effect
of the supernatants was due to FB-derived HGF, since it could
be almost entirely neutralized by the addition of an anti-HGF
antibody (Figure 2c).
HGF is strongly induced in FB after UVA1 irradiation and
protects them against UVA1-induced apoptosis in an autocrine
manner
To study whether UV irradiation by itself could induce HGF
secretion by FB, we irradiated these cells with UVB and
UVA1. As shown in Figure 3, UVB at 5–20 mJ/cm
2 did not
upregulate HGF mRNA expression (Figure 3a) and protein
production (Figure 3c) in FB. Although absolute values varied
between individual experiments, the relative induction by the
different stimuli was consistently comparable. Moreover,
UVB irradiation inhibited the increase of the baseline HGF
mRNA production, which increased during 24 hours in non-
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Figure 1. IL-1a produced by UVB-irradiated KC induces HGF production
in dermal fbroblasts. (a) FBs were treated with cell-culture supernatants from
KC exposed to 0–25 mJ/cm2 UVB or with IL-1a. Forty-eight hours after
treatment, the amount of secreted HGF in the cell-culture supernatant was
analyzed by HGF ELISA. (b) FB were exposed to cell-culture supernatants
from KC irradiated with 20 or 25 mJ/cm2 UVB either in the absence or
presence of a blocking anti-IL-1a antibody. Eight hours after stimulation,
RNA from FB was prepared and real-time PCR for HGF mRNA was
performed. One representative experiment of three is shown. Error bars
represent 1 SD calculated from three replicates for each set of values.
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irradiated cells (Figure 3a). By contrast both HGF mRNA
(Figure 3b) and protein (Figure 3c) were strongly induced
after exposure of FB to 10–30 J/cm2 UVA1. However, whereas
HGF mRNA expression had already increased after 4 hours,
the secreted protein was not detected until 48 hours after
irradiation. In addition, UVA1 doses of 40 J/cm
2 or higher led
to a decrease of secreted HGF (data not shown) and resulted
in FB apoptosis (Figure 4a and b). The delay between mRNA
upregulation (after 4 hours) and protein secretion (after
48 hours) suggested that HGF was consumed by FB them-
selves. To test the hypothesis that FB-derived HGF has a
potentially protective autocrine effect, a neutralizing anti-
HGF antibody was added to the cultures after UVA1
irradiation. The presence of this antibody led to massive
apoptosis of FB after irradiation with UVA1 at a dose of only
30 J/cm2 (Figure 4c and d). These data demonstrate that
autocrine HGF is produced and consumed by FB after UVA1
irradiation. To confirm the findings obtained with the
neutralizing anti-HGF antibodies, we transfected FB with
HGF small-interfering RNA (siRNA) before irradiation with
UVA1. As shown in Figure 5a, transfection of FB with two
different HGF siRNA blocked HGF secretion and, in analogy
with the data obtained with the neutralizing antibodies, cells
transfected with HGF siRNA were considerably more
sensitive to UVA1-induced apoptosis than cells either
transfected with control siRNA or mock treated with
LipofectamineTM 2000 alone (Figure 5b).
DISCUSSION
In both healthy and diseased skin, a continuous cross talk
between dermal and epidermal symbionts is required to
retain or regain tissue homeostasis. We have reported
previously that HGF is able to protect KC from UVB-induced
apoptosis (Mildner et al., 2002). In this work, we had
proposed that cytokines derived from UVB-irradiated KC
might induce HGF production by FB, which in turn might
have a protective effect on KC. In the present study, we
demonstrate that IL-1a released by KC after UVB irradiation
strongly induces HGF secretion by dermal FB, and that FB-
derived HGF, like the recombinant protein, efficiently
protects KC against UVB-induced apoptosis. These findings
strongly suggest that in the skin, a protective paracrine
cytokine circuit exists between FB and KC after UVB
irradiation. Diffusible factors, such as IL-1a, have been
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Figure 2. HGF produced by FB after exposure to supernatants of UVB-irradiated KCs inhibit UVB-induced apoptosis in KC. (a) After UVB irradiation
(45 mJ/cm2) of KC, culture medium was replaced by either KBM, KBM and 10 ng/ml HGF or supernatants of FB exposed during 48 hours to culture medium from
UVB-irradiated KC collected 24 hours after UVB irradiation. Twenty-four hours after irradiation cells were stained with methylene blue. The addition of either
HGF or FB-derived supernatants strongly inhibited UVB-induced KC apoptosis. (b) KCs were treated as described in panel (a). Twenty-four hours after irradiation,
histone release into the cytoplasm was measured. HGF and FB supernatants strongly inhibited UVB-induced histone release in KC. (c) KC were treated as
indicated in panel (a) and anti-HGF antibody was added. Twenty-four hours after irradiation cells were analyzed for histone release. One representative
experiment of two is shown. Error bars represent 1 SD calculated from three replicates for each set of values. Bar¼100 mm.
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identified as important regulators of skin homeostasis. It was
shown that IL-1a secreted by KC induces KC growth factor
production in dermal FB and is required for epidermal
morphogenesis in an organotypic skin model under normal
conditions (Maas-Szabowski et al., 2000). In the present
study, we show that KC-derived IL-1amight also contribute to
tissue homeostasis under stress conditions by inducing the
secretion of HGF, which is able to prevent UV-induced KC
and FB apoptosis.
Furthermore, we show that UVA1 is able to directly and
strongly induce HGF secretion in dermal FB. Since UVA1
readily penetrates into the dermis, it is fair to assume that the
induction of HGF production also occurs in vivo after UVA1
irradiation of skin. The underlying mechanism leading to
HGF induction, probably involves the generation of reactive
oxygen species by UVA1 (Mildner et al., 1999; Krutmann,
2001). In particular, the increase of intracellular reactive
oxygen species in FB by TFGb1 also leads to enhanced
secretion of HGF (Cat et al., 2006).
Interestingly in our setting, and in contrast to a previous
report (Brenner et al., 2005), UVB consistently had no direct
effect on HGF secretion by FB, nor on the induction of HGF
mRNA. Since the spectra of our light source and the UVB
lamp used by Brenner et al. are comparable, it is unlikely that
the use of different lamps accounts for the diverse effects
observed. Whether the source of skin FB (they were prepared
from foreskin by Brenner et al. themselves, whereas we
purchased them from a commercial supplier), or slight
differences in the culture conditions could account for the
observed difference could only be answered by a direct
comparison.
By the use of blocking HGF antibodies and by transfection
of FB with HGF siRNA, we have demonstrated that this
cytokine can act to protect FB against UV-induced apoptosis in
an autocrine manner, pointing to a physiological role of HGF
production after UVA1 irradiation. FB-derived HGF could
therefore contribute to skin homeostasis under challenging
conditions by protecting both KC and FB against UV injuries. In
several experiments, we observed an increase of HGF mRNA
expression after FBs were switched from growth medium to
basal medium without additional stimulation. Since growth
factor withdrawal is an important signal for apoptosis induc-
tion, upregulation of HGF under these conditions might also be
part of an autocrine-protective response.
Besides these postulated beneficial effects of HGF, its
continuous secretion by UV-activated FB also has the
potential to contribute to the pathogenesis of skin disorders,
in particular to skin photoaging and melanoma initiation/
progression. Photoaged skin is characterized by cellular
changes and degeneration of elastin (Braverman and Fonfer-
ko, 1982) and collagen (Mitchell, 1967), the major structural
proteins of the dermal connective tissue. Matrix metallopro-
teinases (MMPs), a family of enzymes responsible for
degrading the connective tissue, in particular MMP-1, are
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the primary initiator of collagen breakdown in UV-irradiated
skin (Fisher et al., 2001; Brennan et al., 2003) and KC have
been identified as major producers of these enzymes.
However, FB are also an important source of MMPs, and in
this context it is important that HGF strongly enhances MMP-
1 secretion and activation in both dermal FB (Jinnin et al.,
2005) and epidermal KC (Dunsmore et al., 1996). Therefore,
chronic UV irradiation of the skin, activating dermal FB to
continuously secrete HGF, could play an important role in
driving tissue destruction by MMPs, which could thus
contribute to photoaging.
Skin cancer is the most common type of human cancer
and its incidence is increasing (Melnikova and Ananthaswamy,
2005; Thompson et al., 2005). Whereas there is evidence
that chronic exposure to UVB, leading to inactivating
mutations of the tumor-suppressor gene p53, is responsible
for non-melanoma skin cancer (Ziegler et al., 1994), the
initiation of melanoma is still unclear (Noonan et al., 2003).
HGF has been shown to act as a mitogen for melanocytes
(Kan et al., 1991), and induces motility in these cells
(Halaban et al., 1992), and the forced overexpression of
HGF in transgenic mice triggers the development of
melanoma (Takayama et al., 1997). Whereas UV irradiation
of these adult transgenic mice did not alter the impact on
melanoma formation (Noonan et al., 2000), neonatal UV
irradiation was shown to be necessary and sufficient for
melanoma induction, supporting diverse epidemiologic
studies (Noonan et al., 2001). Thus, the exact role of HGF
in melanoma initiation remains to be elucidated. In contrast
to its possible role in melanoma initiation, the contribution of
HGF/c-Met to tumor metastasis seems to be more evident
(Furge et al., 2001; Yu and Merlino, 2002). The activation of
the HGF/c-Met signaling cascade might affect metastasis by
altering expression of adhesion molecules and extracellular
matrix proteins of melanoma cells such as E-cadherin
(Li et al., 2001) and fibronectin (Gaggioli et al., 2005).
Moreover, HGF could influence tumor progression by
stimulating angiogenesis (Bussolino et al., 1992; Gille et al.,
1998; Wojta et al., 1999) and lymphangiogenesis (Kajiya
et al., 2005), both playing crucial roles for melanoma growth
(Dadras et al., 2005) and metastasis, respectively (Dadras
et al., 2003, 2005). Therefore, the consequences of chronic
exposure to UV radiation, occurring by either prolonged sun
exposure or the use of UVA-tanning booths (Spencer and
Amonette, 1998), namely photoaging (Lavker et al., 1995)
and melanoma formation and/or progression (Gallagher
et al., 2005), could at least be in part the result of chronically
elevated concentrations of HGF.
In conclusion, we have shown that IL-1a, released by KC
after UVB irradiation, as well as direct UVA1 irradiation
induce human FB to secrete HGF, which acts in an autocrine
and paracrine fashion as an antiapoptotic factor for both FB
and KC, respectively. Although we could show this positive
effect of HGF on cell survival after acute sun exposure,
chronic sun exposure or the extensive use of tanning booths
could lead to a prolonged activation of the HGF c-Met
signaling cascade, thereby promoting skin aging and/or the
induction and/or progression of melanoma.
MATERIALS AND METHODS
Cell culture
Human dermal FB were obtained from ATCC (Manassas, VA).
3 105 cells/well were seeded in six-well plates (Costar, Cambridge,
MA) and cultured in DMEM (Gibco BRL, Gaithersburg, MD)
supplemented with 10% fetal bovine serum (PAA, Linz, Austria),
25 mM L-glutamine (Gibco, Invitrogen, Karlsruhe, Germany), and 1%
penicillin/streptomycin (Gibco). KC derived from neonatal foreskin
of single donors were purchased from Clonetics (San Diego, CA).
3 105 cells/well were seeded in six-well plates and cultured in KC
growth medium (Clonetics): modified MCDB 153 medium supple-
mented with 0.1 ng/ml human recombinant epidermal growth factor,
5mg/ml insulin, 0.5 mg/ml hydrocortisone, 0.4% bovine pituitary
extract, 50 mg/ml gentamycin, and 50 ng/ml amphothericin B. After
24 hours of culture at 371C, 5% CO2, and at 95% relative humidity,
cells were either irradiated or stimulated and incubated further with
either DMEM without growth factors or basic KC medium (KBM,
Clonetics), for FB or KC, respectively.
UV-irradiation
For irradiation experiments, 3 105 cells/well were seeded in six-
well plates. Before irradiation, cells were washed twice with PBS,
pH 7.4 (Gibco). UV irradiation was carried out as described
previously (Mildner et al., 1999). As a light source for UVA1, a
Mutzhas Supersun 5,000-type solar simulator (Mutzhas, Munich,
Germany) filtered for the emission of UVA1 (340–390 nm) was used.
UVB (280–320 nm) irradiation was performed with a Waldmann F15
T8 tube (Waldmann Medizintechnik, Villingen-Schwenningen,
Germany). Energy output, monitored with an IL-1, 700 radiometer
(International Light, Newburyport, MA) or a Waldmann UV meter
was 0.7 and 1.1 mW/cm2 at a tube to target distance of 30 cm for the
UVA and UVB source, respectively. Cells were irradiated with
5–40 J/cm2 of UVA1 and with 5–45 mJ/cm
2 of UVB under a thin layer
of PBS at 251C. For each experiment, control cells were treated
identically, except for the exposure to UV light. Immediately after
irradiation, PBS was removed and pre-warmed basic medium (KBM
for KC and DMEM without fetal calf serum) was added.
Stimulation experiments
3 105 cells/well were seeded in six-well plates and stimulated with
IL-1a (10 ng/ml, R&D Systems, Minneapolis, MN), TNFa (100 ng/ml,
R&D Systems), or HGF (10 ng/ml, R&D Systems). For inhibition
studies, cells were additionally treated with an anti-IL1a (1 mg/ml,
R&D Systems), anti-TNFa (1 mg/ml, R&D Systems), or anti-HGF
antibody (1 mg/ml, R&D Systems). Conditioned-KC supernatants
were generated by irradiation of KC with the indicated UVB doses.
Twenty-four hours later, cell-culture supernatants were taken for
ELISA and stimulation of FB. Conditioned-FB supernatants were
generated by incubation of FB with KC conditioned medium for
48 hours. These supernatants were diluted 1:2 with fresh medium
(KBM) before KC stimulation.
Quantitative real-time PCR
After RNA extraction with TRIzols Reagent (Invitrogen, Carlsbad,
USA) following the manufacturer’s instructions, RNA was reverse-
transcribed with the GeneAmps Kit using murine leukemia virus
reverse transcriptase (MuLV) and oligo(dT) primers (Applied Biosys-
tems, Foster City, CA). The quantitative real-time PCR was performed
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using the LightCyclers technology and the LightCycler Fast Start
DNA Master SYBR Green I Kit (Roche Applied Science, Basel,
Switzerland) according to the manufacturer’s protocol. The cDNA
was amplified using a standardized program (10-minute denaturing
step; 55 cycles of 5 seconds at 951C, 15 second at 651C, and
15 seconds at 721C; melting point analysis in 0.11C steps). The
following primers were used for HGF (forward: 50-CAAATGT
CAGCCCTGGAGTT-30, reverse: 50-TCGATAACTCTCCCCATTGC
-30, efficiency: 1.83) and b-2 microglobulin (forward: 50-GATGAG
TATGCCTGCCGTGTG-30, reverse: 50-CAATCCAAATGCGGCATCT-30,
efficiency: 1.93). The relative expression of the target gene was
normalized to the house-keeping gene b-2 microglobulin and
quantified using a mathematical model described by (Pfaffl, 2001).
The efficiencies of the primer pairs were determined as described by
(Kadl et al., 2002).
Apoptosis detection assays
To quantify the extent of cell death, cells were stained with
methylene blue (Sigma; 0.5% in methanol) as described previously
(Mildner et al., 2002). Nucleosome release was measured with the
cell death detection ELISA (Roche Applied Science) according to the
manufacturer’s instructions.
ELISAs
Secreted HGF from FB and secreted IL-1a and TNFa from KC were
measured using Quantikine ELISAs (R&D Systems) according to the
manufacturer’s instructions.
siRNA transfection
FB, grown in 75 cm2 cell-culture flasks, were transfected with two
different stealthTM siRNAs (Invitrogen, Carlsbad, CA, USA) silencing
HGF (AAGCCUUGCAAGUGAA-UGGAAGUCC and CCGCUGG
GAGUACUGUGCAAUUAAA, referred thereafter as siRNA 1 and 2,
respectively) and control stealth siRNA (Invitrogen, control 1:
GGAACCUACUUGUUCGAACGUCCUU; control 2: CCGGGA
GUGCAGUGUACU-AUUCAAA) using 22.5 ml Lipofectamine 2000
(Invitrogen) and 60 nM siRNA, according to the manufacturer’s
instructions. After 24 hours, the cells were seeded into culture plates
for further experiments.
All experimental procedures were approved by the Regional
Committee for Medical Research Ethics.
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SUPPLEMENTARY MATERIAL
Figure S1. UVB-irradiation induces IL-1a and TNFa secretion by KC.
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